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Abstract 
Recreation, such as caiioeing and fishing, is becoming increasingly more popular 
on Illinois rivers. It is necessary to mod@ Illinois rivers to be more recreation fiendly. 
Structures for boat and fish passage at dam sites are required. Thus, a literature review 
was undertaken to determine if there were similar structures already in place elsewhere. 
In order to develop guidelirgs for these structures in Illinois rivers and streams, general 
theoretical papers and books, laboratory experiments, and model studies were found. 
Additionally, field trips were made to the Fox River in Aurora, Illinois, the St. Joseph 
River in South Bend, Indiana, the Arkansas River in southern Colorado, and the South 
Platte River in Denver, Colorado. Pictures, videos, and plans were obtained from these 
sites. Structures for boat passage have been built only on rivers with steep gradients and 
white water rapids. Structures for fish passage have been built on rivers with 
anadromous fish. Therefore, most of the literature has been written for rivers with these 
characteristics and fish. Rivers in Illinois do not tend to have steep gradients, white water 
rapids, or anadromous fish. Thus it is necessary to take the guidelines from the literature 
and adapt them to the situation in Illinois rivers. 
The existing technology for the design of fishways and boatchutes is quite site 
specific. While this knowledge can be used to determine important design parameters, 
any potential design should be thoroughly tested with a physical model. This notion 
seems to be supported by the findings of this literature review, which clearly points to 
hydraulic modeling as the best tool for design of boat and fish passages. 
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1.Boat Passage 

I.P Motivatiola 
An increase in the use of Illinois rivers and streams for recreation, such as 
canoeing and fishing, has created the need for modification of low-head dams. Structures 
for fish migration and canoehoat passage are becoming more necessary. Most guidelines 
for canoeboat passage through dams have been developed for whitewater rivers, where 
boaters are skilled in paddling through waves and around obstacles. However, Illinois 
streams do not usually have whitewater, but instead have slow moving water with small 
gradients. Boaters on Illinois streams are usually open-boat canoeists with a wide range 
of skills and experience. Therefore, it is necessary to modify the present guidelines and 
develop new ones that provide safe passage of boaters of all skill levels when designing a 
canoe chute for an Illinois stream. 
1.2Design Considerations 
The most important design consideration for building a boatchute is safety. One 
of the biggest challenges in designing a boatchute is creating hydraulic jumps that are 
safe for boaters. Several respected designers of boatchutes have discovered that abrupt 
drops can create safe hydraulic jumps for a variety of flows. Taggar% et a1 (1984) wrote a 
general paper about the dangers of hydraulic jumps to recreational boaters. In the paper, 
the authors explain how junps caused by man-made structures are more dangerous than 
naturally occuning jumps in rivers. They also give two basic guidelines for developing 
an abrupt drop chute. The first is that "any supercritical flow must make the transition to 
subcritical flow with the supercritical discharge on the surface and on a horizontal 
attitude." Their second guideline is that "any sort of submerged jump, that is, where 
supercritical flow traveling down a slope enters a downstream pool in a fashion where it 
continues vertically downward and then the jump occurs with a reverse (or upstream) 
current, should be avoided." These designers looked to the work done on hydraulic 
jumps at abrupt drops in the 1950's by Hsu and Morgan and Moore. . 
Hsu's (1 950) discussion on the hydraulic jump at abrupt drops provides some 
theoretical background for the design of abrupt drop boatchutes. Hsu states that for a 
given approaching flow's Froude number, the downstream depth may fall into any of 5 
regions. A drawing of these 5 regions is in Figure 1. At the lower end of region 1, the pt 
jurnp begins to travel upstream. The jump will begin to travel downstream at the upper 
end of region 5. The drop does not control the jump in regions 1 and 5. Hsu found that 
the hydraulic jump is stable only in regions 2 and 4. Region 3 has undulating waves. 
These waves do not break like the waves created in either region 2 or region 4. 
According to Taggart et a1 (1 984), the desired regions for the jump for boatchutes would 
be the lower portion of region 2, region 3, and the upper portion of region 4. Any jump 
in regions 2 and 4 should be examined carefully for keeping tendencies and submerged 
jumps. Thus, the biggest challenge to the engineer designing a boatchute is the range of 
flows to consider. After making abqut the for~gpFIth$:, Hsu-
(1950) was able to apply the momentum equation to  regions 2 and 4. The momentum 
equations developed for regions 2 and 4 are often used in modeling studies of abrupt drop 
boatchutes. These equations are in Figure 1. It would be interesting to see if the results 
obtained from physical models match the predicted results given by these equations or 
modifications of them. 
Moore and Morgan (1959) also provide theoretical background for the design of . 

abrupt drop boatchutes. In their paper, they discuss the Froude numbers and tailwater 

conditions necessary for the formation of the A-jump, the wave, and the B-jump, as 

described by Moore and Morgan (1959). The A-jump foms in almost the same range as 

.?.an;;-
Hsu's region 2 jump, the Wave foms in about the same range as Hsu's region 3, and the 
Z@~Q .I 
B-jump forms in about the same range as Hsu's region 4. However, as found by 
McLaughlin and Grenier (1ggO), in a model study that will be discussed later, the 
tendencies of these jumps to form in Hsu's regions, as defined by his momentum 
equations, do not always hold true. The paper provides useful graphs that show what 
kind of jump will be formed at a given Froude number and relative downstream depth. 
Figure 2 contains these graphs. 
Later, Rajaratnam and Ortiz (1977) made further discoveries about hydraulic 
jumps at abrupt drops. They found that for the wave form of the hydraulicjump at an 
abrupt drop, the upstream supercritical flow jet is deflected upwards into a wave 
formation as a result of back press-me below the drop. Then the jet plunges into the 
tailwater and strikes the downstream bed of the river. Figure 3 shows the flow pattern in 
the wave form of the hydraulic jump. The authors also noted that the formation of a 
wave can be completely eliminated by a rounded step, which allows the supercritical flow 
jet to deflect downwards at the drop. It is important then that an engineer designing a 
boatchute be sure that the drops in the chute are abrupt and sharp without any rounding to 
ensure that a wave formation does occur. Rajaratnam and Oaiz (1977) ran the portion of,  
the experiment on the wave at a variety of Froude numbers, ranging from 3 to a little 
more than 8. One can conclude from this wide range of Froude numbers that an 
undulating wave formation is possible at most flows. 
There are other safety factors to consider in creating a safe boatchute. The 
obstacles in the chute that control the flow should not have sharp edges and comers that 
would cause boaters to suffer from abrasions if they hit the obstacles. Also, the obstacles 
should be placed in such a way and the chute itself should be wide enough so boaters are 
able to maneuver easily and avoid getting pinned. According to Goodman and Parr 
(1999,  slalom kayaks are 4 m long and therefore, the boatchute should be at least 4 m 
wide. Since the boatchute on the Fox River is meant to accommodate canoes, the width 
of the boatchute should be at least 20 ftwide to accommodate even the longest canoe. 
According to Goodman and Parr (1994), "obstacles that create surface turbulence should 
be kept below the surface for the most part, and have upstream profiles which will not pin 
a canoe below the surface." Pins often cause boats to fold, which can be very dangerous 
if the boater is still in hisher boat. 
Another design consideration is the degree of difficulty of the boatchute. Many 
chutes in Colorado Rivers are designed to be of class III difficulty. Perhaps, a boatchute 
in Illinois should only be of class 11difficulty in order to allow open canoes to safely 
navigate the chute. Some of the class III boatchutes in Colorado appear to be easy 
enough for open canoes andwere designed to be thatway. Inany case, the engineer 
determines the degree of difficulty of the boatchute by the height of drops in the chute 
and the overall gradient of the chute. Simmons et a1 (1977) provides a graph showing 
whitewater classification versus slope and flow. This graph is in Fig-me4. The Denver 
Whitewater Channel, i.e. the white water bypass on the South Platte &ver at Confluence 
Park in Denver, CO, as modified in 1995, looks like it could be navigated by open 
canoes. It is not clear whether or not the original channel in Denver, which was built in 
the late 1970's, was navigable by open canoes, but it was intended to be used by canoes, 
as well as kayakers, rafters, and tubers. It should be noted that lower drops and shallower 
gradients that would produce a class I1boatchute would make the chute considerably 
longer and more expensive than if it were class 111. 
.a 

Velocity and depth of the flow in the chute also need to be considered in 
boatchute design. Velocities that are too fast are often the result of low roughness. Low 
-"Ro. 
roughness values cause instabilities in the eddies and reverse flows. The eddies swirl 
-.-. , - w ~. % G 
around at high speeds. Low roughness can cause surges. Waves will start to slosh back 
p.-rB 4rr -
and forth as in a bathtub and will disturb the pattern of the rapids. High velocities also 
cause the water to be shallow. It is important that the water be of sufficient depth that the 
d 

paddle blade can be completely immersed in the water, which is about 18 inches. It is 
also important that the water is deep enough after rapids and waves that a boater can 
perform an Eskimo roll if shehe gets flipped. About 3-4 ft of water would be sufficient. 
Increasing the roughness is an effective means of slowing the velocity. This is often done 
by placing boulders or other obstacles in the channel. As said before, obstacles can often 
get in the way and cause safety problems if they are too numerous. The other problem 
with numerous obstacles is that they can dissip~tetao m ~ c hof the water's energy a d  
make the chute too slow to be interesting. 
The engineer must also consider the range of flows the boatchute will experience. 
It is important that the jumps created by the drops are safe at all flows for which the chute 
Toe A ~ L ~ ~ ~-used, is also impoda-li the vlirci"ues of' irl ed&es ae slow enoilgh 
a swimmer would be able to swim out of them at all flows (Simmons et al, 1977). If it is 
not possible to design the chute to be safe at all natural flows, it may be necessary to 
place a control device at the entrance to the chute. Boatchute designers have considered 
several different inlet control structures. The main concerns with the control structures 
have been with the type ofjump created by the structure and general feasibility of the 
design. Several boatchutes, such as the East Race Whitewater bypass in South Bend, IN, 
and two in England, one at the Teesside Barrage on the River Tees and the other at the 
National Water Sports Centre, Holme Pierrepont near Nottingham, have used hinged flap 
gates to control the amount of flow corning into the chute. As shown in Figure 5, a 
hinged flap gate looks like an inverted V and can be raised and lowered by overhead 
cables or by hydraulic cylinders underneath. It is usually necessary to place boulders or 
concrete obstacles on both sides of the chute just downstream of the gate. The obstacles 
alter the hydraulic jump that is created by the gate and lessen its keeping tendencies. At 
lower flows, the obstacles also help to channel the flow to the center and increase the 
depth of the flow. The designers of the artificial white water course at Teesside made 
M e r  improvements to the hinged flap gate, as shown in Figure 6. They put tapered 
slots on the downstream apron of the gate to allow some of the water flowing over the 
gate to flow below the apron and re-emerge at the lower end of the apron. This 
ventilation changed the hydraulicjump formed by the gate to a series of waves. It is also 
important that the chute does not alter the stage in the event of a flood. Therefore, it is 
important that the chute be tested at flood flows in addition to the flows at which boating 
is most likely to occur. 
1.3 Hydraulic Model Studies 
Taggart et a1 (1986) presents the results of a model study of a boatchute on the 
Arkansas River at Pueblo, CO. Figure 7 shows the layout of this boatchute. The 
hydraulics laboratory at Colorado State University did the model study. The dam at 
Pueblo is 11 feet tall, so the boatchute had to be broken up into a series of drops and 
pools. The chute consists of four 2-foot drops followed by four-foot deep rock-lined 
pools. A fifth drop and pool finishes the transition to the downstream riverbed. The 
chutes are trapezoidal with narrowing bottom widths at the downstream end. The 
drawings of the boatchute shown in the paper look very similar to the boatchute in 
Aurora on the Fox River. T"ne model was a Froude model and the scale was 1 to 12. A 
water surface profile was calculated using Hsu's (1950) equations for the hydraulic jump 
in regions 2 and 4. These equations were done for a unit width because the chute was 
wide. These calculated water surface profiles were then compared to the actual water 
surface profiles in the model to see if the unit width assumption was close. The 
calculated water surface profiles did not match up very well with the actual water surface 
profiles for any of the flows. ' In the end, however, both the analysis and the model 
showed that an undular hydraulic jump was possible for a wide range of flows. 
Richard E. McLaughlin and Roger R. Grenier Jr. (1990) did a model study of a 
generalized boatchute to see if any generalized conclusions could be made about 
boatchute design. The model was not done for a particular site. This time the authors 
determined that the unit width equations developed by Hsu (1950) were not applicable 
due to the rapid expansion where the chute and pool meet. Therefore, variations of Hsu 
(1950) equations were developed to consider this rapid expansion in width. The paper 
- - -  - - 
- -- -- - - - -  - 
also cites Moore and Morgan (1959) about the three forms of jumps that occur in the 
stabilized region, the "A"jump, the Wave, and the "B"jump. The authors found that the 
Wave form developed close to and sometimes below the Region 4 boundary. The "A" 
jump occurred far below the Region 2 boundary. Thus, it was found that the momentum 
equations were not accurate in determining when the Wave form of the jump would forrn. 
The authors speculate that there is a configuration of chutes and pool dimensions for 
which the Wave form is created for all flows. The Wave form is found to be not o n l ~  
The 
authors found that their momentum equations that considered expansion into the pool did 
not fit the model results. If Hsu's (1950) equations are to be usehl for computer 
modeling of water surface profiles in the boatchute further refinements must be made that 
consider the three-dimensional characteristics of the flow in the chute. 
A study done by the Bureau of Reclamation on the Union Avenue Boatchute in 
Denver (1 989) provides a complete report on the steps taken to model the design for an 
actual boatchute. The Union Avenue dam on the South Platte River in Denver, Colorado 
is 15feet high, so it was necessary that the boatchute be divided into several smaller 
drops. The model was designed to model real life discharges between 100 and 1500 cfs. 
Also it was designed to test the 100-year flood flow. The model was a 1 to 18 scale that 
included the dm ,  the intake structure, the sluiceway, downstream pool, and the upstream 
bend in the river. The d m ,  intake, and sluiceway were all individually calibrated before 
the boatchutes were added. The basic model design of the boat pass included 2 
boatchutes with a pool between them and a pool downstream of the second boatchute 
with a weir at the end that was to imitate the tailwater elevations caused by a third 
boatchute. The first boatchute was 32 feet wide with an invert elevation of 5288 feet. 
-
The second boatchute was also 32 feet wide with an invert elevation of 5284.5 feet. In 
the original design, boatchute 1 curved around to make boats approach boatchute 2. 
Tests were performed on this confi,wation for flows between 100 and 3000 cfs. Model 
rafts and kayaks hit the right side of boatchute 1, so it had to be straightened, and other 
improvements had to be made. 
The second design of the boat passage had the first boatchute at 32 feet wide and 
the second at 64 ft wide. Both chites had center troughs to concentrate flows at lower 
flows. The left side of boatchute 1was lowered to force flow to the left. Boulders were 
placed on either side of the chute to concentrate the flow at low flows, but they caused 
undesirable, powem,  keeper waves downstream. Boats also had a tendency to turn 
towards the sluicewall as they passed through the first boatchute: There was also an 
undesirable, powerM, keeper wave at the bottom of the second boatchute. As a result of 
these problems, more alterations to the design were made to get the best design. Two 
ramps across the entire width of the chute were added to each boatchute to change the 
formation of the waves and their size. The trough through the boatchute was extended 
through the first ramp to allow boat passage at low flows. The elevations of the ramps 
were changed several times to find the optimum placement of them to reduce wave 
height. A long wedge shape block was placed on the downstream face to get rid of the 
dangerous roller that formed downstream of the d m .  Care was taken not to alter the 
discharge coefficient of the spillway with the wedge and cause an increase in water 
surface elevation for the 100-year flood. Also the height of the rocks on the left side of 
boatchute 1 was increasedto prevent backnow from entering the chute. Boatchute 2 was 
also directed away fiom the left bank to prevent the formation of a scour hole and bank 
erosion. 
In the end, the Bureau of Reclamation optimized their design for a 500-cfs flow, 
but the wave formation was good for flows from 50 to 3000 cfs. The authors developed 
guidelines for the standard boatchute design that was modeled in this study. The first 
guideline is that "the second ramp in the boatchute should be placed at an elevation 0.4 
foot above the design elevation of the downstream control. The authors also say that both 
ramps in the boatchute should be 0.75 feet high and 10 feet long, and the tops of the 
ramps are to be horizontal. The third guideline is "the slope of the line connecting the 
crest of the dam with the lip of the second ramp should be 1to 10. The final guideline is 
that the trough for low flows should extend through the first ramp fiom the crest. 
Simmons et a1(1977) provides the results for the modeling of the first boatchute 
constructed in the United States on the South Platte River at Confluence Park in Denver, 
CO. Since there was very little literature on the subject at the time, the designers 
developed some criteria for the channel. Among other necessities, the chute had to 
accommodate a variety of flows and not obstruct the flow drastically during high flows. 
el was to be between 500 and 600 feet long with a maximum width of 40 ft. 
The difference in elevation from the top of the dam to the downstream riverbed was 6 
feet. If possible within the financial constraints, the depth of water throughout the 
channel was to be at least 2fi -3ft deep. The chute was to be of class III difficulty, with 
numerous surfing waves and eddies. This class of water is created not only by a certain 
configuration of flow and gradient, but also by obstacles that direct the flow and create 
eddies. Tame obstacles are piaced in such a way that the channel is always at least 25 i4 
wide. The boatchute should be able to be runby swimmers, inner-tubers, rafters, 
whitewater boaters, and open canoeists. The designers determined that an inlet control 
structure was necessary to maintain the elevation of the water surface above the dam 
within inches of 5290.2 ft. The inlet structure had to be relatively cheap to build and 
maintain, not subject to sediment deposition and fouling, and capable of handling flood 
flows. Several designs were considered, but the one selected was a hinged flap gate. It 
was to be operated using overhead cables. Triangular-shaped obstructions were placed 
downstream of the gate, for reasons suggested above in the design considerations. The 
designers also had to determine the slope of the channel. Through model experiments, it 
was determined that an overall slope of . O l  would be used. Actually, the channel was 
constructed to have two 1-ft abrupt drops with the pools before, after and between having 
a ,008 slope. This codimpation gives an overall slope of .O l .  It should be noted that this 
I--* as modified in 1995,now has about 7 abrupt drops with pools between them.""atchute, 
1,4 Field Sites 
Plans were obtained for three boatchutes in Colorado. The first site was on the 
Arkansas River in Canon City, Colorado. Tnis boatchute is at the end of a section of the 
Arkansas River on which there are mostly class N rapids. Tnus, the engineer, Wiliiam 
Taggart, designed this boatchute, or white water bypass as he calls it, to have two waves 
on which boaters could play. Pictures of the site show that boaters do indeed use the 
boatchute for playing. Figure 8 is a picture of this boatchute. Also, pictures indicate that 
the boatchute would probably be too rough for flat-water canoeists. While the waves 
formed by the boatchute are not keepers, except perhaps at very high levels, h e y  could 
have the tendency to turn a less experienced boater sideways and flip hidher.  The 
waves may also be large enough for an open-boater to take on water over the bow of 
hisher boat. The plans show that the boatchute is an abrupt drop chute that causes a 
hydraulic jump that has a surface jet rather than a jump that has a plunging jet. This kind 
of jump allows boaters to pass safely through the pass rather than getting caught in 
reverse rollers. The plans also show that the structure at Canon City has a fish pass in it. 
.* 
It is not known if the fish pass is effective or not as it is doubtful that fish counts have 
occurred. 
The other two sets of plans were obtained from the Urban Drainage and Flood 
Control District office in Denver. One set of plans is at the Arapahoe Power plant on the 
South Platte River. Figure 9 is a picture of this boatchute. The boatchute starts flush 
with the top of the dam and as it descends it becomes a deep V shape gradually. As with 
most chutes in Colorado, the boatchute consists of large boulders, some of which are 
grouted into place and others are just placed and held there by their own weight. In 
addition to the chute being made of grouted boulders there was also a grouted boulder 
portage constructed for boaters who do not wish to use the boatchute. Since the dam at 
this site is only about 4 ft tall the boatchute has quite a mild slope. The waves in the 
structure have a V formation, which helps keep boats straight. As a result of the mild 
slope, the wave formed at the end of this structure is quite small, possibly even small 
enough to be navigated by a novice flat-water canoeist. There are pictures of this site 
showing the V waves, the small wave at the end, the mild nature of the chute in general, 
and the grouted boulder portage. The third set of plans is also on the South Platte River 
10. From the plans, it is apparent that the design of this structure is similar to that of the 
structure at the Arapahoe Power plant. The chute starts flush with the dam and gradually 
becomes a deep V by the end of the structure. The chute is also constructed of grouted 
boulders. The boulders seem to make this chute quite a bit rougher than the chute at the 
power plant. The dam may also be higher at this site and the chute may have a higher 
slope. V-waves do not seem to be forming. Overall, this chute does not seem easily 
navigable by a flat-water canoe. 
There are also several pictures of the boatchute at Confluence Park on the South 
Platte River in downtown Denver. One of these pictures is Figure 11. The dam at this 
site appears to be about 8 feet tall. The boatchute is about 350 feet long and consists of 
around 7 drops. Pools follow each drop. This structure appears to be of the abrupt drop 
boatchute type similar to the boatchute on the Arkansas River at Canon City. The 
entrance to the boatchute is a narrow concrete notch. The flow just upstream of the notch 
seems to be slow enough, at least at the water level in the pictures, that the boater should 
be able to line up straight to pass through the concrete entry straight rather than sideways. 
The rest of the boatchute appears to be constructed out of grouted boulders. The drops 
seem to be around 1.5to 2 feet with safe playable waves at the bottom of each. There is 
enough width for a boat to go down sideways through the drop without getting pinned. 
The boatchute structure begins between 250 and 300 feet upstream of the dam and ends 
at least 50 ft thedam. The drops Could be handled by a Canoe,althoughthey may 
appear intimidating at certain flows. The pools give some space for recovery and have an 
eddy on at least one side. The pictures also show a walkway next to the structure for easy 
portaging. 
From the pictures, the dam on Boulder Creek in Boulder, Colorado appears to be 
only 3-4 feet high. The boatchute at this site appears to be a very simple abrupt drop 
boatchute. Figure 12 is a picture of this boatchute. It may be a bit steep for a flat-water 
canoe. However, the pictures show that tubers can handle the drop quite easily. It would 
be a bit narrow for a I11-len,gth canoe, but it is obvious that this chute was not designed 
for canoes. The wave at the bottom appears to be quite harmless, with a nice recovery 
pool afterwards. 
There are three pictures of closed canoe chute on the Fox River at Aurora, Illinois. 
Figure 13 is a picture of the Aurora canoe chute. It is thought that the city of Aurora 
wanted to close the chute because many canoeists flipped in the chute and the city thus 
considered it to be unsafe. So far, there has been no news of any fatalities at the site. A 
few things wrong with the chute can be noticed fiom the pictures. First of all the first 
drop appears to be too steep for canoes to handle. Secondly there is a bridge pier quite 
close to the first drop. Since there wasn3 t any flow at the time when the pictures were 
taken, one cannot tell if the pier would cause any problem. However at high flows, one 
would think that a side wave could come off the pier or that there could be a strong eddy 
current immediately above the pier. Another thing that appeared to be wrong with the 
canoe chute is that it is too narrow. The structure has not been seen during a high flow, 
but it seems that a canoe could get pinned sideways just upstream of a drop structure in 
the chute. High flows could potentially fold a canoe if it was pinned above a drop. The 
third problem with the canoe chute is not readily apparent from the pictures. One can tell 
fiom the pictures that some landscape had been washed out along the canoe chute 
structure. This i s  the resuit of the wall between the chute and the dam not being high 
enough. Water, during very high flows tops the wall and scours out the canoe chute. It 
would be interesting for this research on boatchutes to see the canoe chute at Aurora 
running so that one could get a better idea of how it worked and what was wrong with it. 
1.5 Design Recommendations 
Since it is not our intention to build an artificial whitewater course, but rather a 
boatchute, the boatchute should be relatively short to conserve expenses on material. On 
the other hand, the chute should be long enough that its gradient is flat enough to produce 
flow conditions that are safe for an open canoe. Although the boatchute on Illinois rivers 
are to be used primarily by open canoes, it is still appropriate to use the abrupt drop 
followed by a pool sequence that is commonly used inwhitewater bypasses through 
dams. For the open canoe, it would be necessary to make these drops around 1 foot, 
instead of 2-3 feet, in order to avoid the creation of large waves that would break over the 
fiont of the canoe. Specifically, the dam at Batavia is about 6 feet tall, so around 6 one-
foot drops would be necessary. It is still uncertain how long the entire boatchute would 
be since the length of the pools following the drops is unknown. The length of pools is 
determined by the tailwater elevations and backwater profile created by the next drop. 
Therefore, a model study will be necessary to d e t e d e  the pool lengths. The tailwater 
should be of sufficient depth so that no dangerous hydraulic jumps are created at a drop. 
The width of the boatchute should be at least 25 feet in order to handle the longest of 
canoes. In thepools the chute should be as wide as 40 feet to make room for eddies for 
boaters to recover from the drops. 
The boatchute should be safe for a very wide range of flows. If it is impossible to 
create a boatchute that is safe at the flows that will be experienced then an inlet control 
structure should be added. An inlet control should be avoided, however, if possible 
because it will increase the cost of construction and operating costs of the boatchute. It 
would be ideal not to have any sort of structure that would have to be adjusted in 
accordance with the flow. If is it absolutely necessary to have an inlet structure, the best 
design would be one similar to the ventilated hinged flap gate on the River Tees 
whitewater course. It is necessary to do a model study to determine the length of the 
pools, the necessity of an inlet structure, and the placement of obstacles to channel flow 
at low flows, create eddies, and alter the form of the hydraulic jump at drops. 
Finally, boatchutes are usually either constructed out of boulders or with concrete 
drops. Concrete drops have ramps on them to help create V-waves instead of waves that 
are perpendicular to the flow. Boatchutes made out of boulders are usually flat across the 
bottom at the top and gradually become a deep V at the lower end of the chute. This 
deepening V also helps to create V-waves. In the case of the concrete boatchute, 
sometimes obstacles are necessary at the bottom to guide the flow. At high flows they 
help to create V waves and at low flows they direct the water towards the center and 
increase the water depth. The deepening V in boulder chutes helps to direct the flow at 
low flows to make the water deeper. While the concrete canoe chute can be figured and 
constructed near1 y exactly to create friendly flow, there is probably a wider range of enor 
in construction for the boulder chute in which a safe flow is created. This is because the 
unnatural edges and smoothness of concrete is very different from the way the river is in 
nature. The boulder chute is more like the way the river is natulally. Holes created by 
the boulders are less likely to be keepers. Also, boulders would be rougher and therefore 
would slow the flow down more. The boulder chute would probably be more 
aesthetically pleasing as well. Unfortunately, in Illinois there are very few boulders. 
Thus, a boatchute would either be constructed with concrete chutes and ramps, or with 
boulders made out of concrete. Another possibility could be to import boulders fiom 
Wisconsin. 
2. Fish Passage 

2,l Motivation 
An increase in the use of Illinois rivers and streams for recreation, such as 
canoeing and fishing, has created the need for modification of low-head dams. Structures 
for fish migration, i.e. fish ladders, and structures for canoehoat passage are becoming 
more necessary. Most fish ladders have been designed for coastal rivers with seasonal 
migrations of anadromous fish, like trout and salmon. Anadromous fish tend to be strong 
fish that prefer fast moving water. However, fish in Illinois rivers and streams that do not 
feed into Lake Michigan are usually non-anadromous fish that prefer slow moving water. 
Fish in most Illinois rivers and streams do not have the strength and swimming abilities 
that trout and salmon have. Therefore, it is necessary to modify the present designs of 
fish ladders to better accommodate fish with slower swimming speeds and lower 
endurance in order to build successful fish ladders on Illinois rivers. 
2.2 Design Considerations 
The most important consideration when designing a fish ladder is the type of fish 
in the river that will be using the fish ladder. It is important to know whether or not some 
of the fish found in the river or in the ocean or lake at the end of river migrate upstream 
to spawn. Fish that migrate upstream to spawn are called anadromous. Most fish ladders 
are built for this type of fish. They are fish that spend most of their life in cold water, but 
in the spring or fall or maybe both, they have a natural drive to swim upstream to 
reproduce. Wam water fish do not tend to migrate upstream to spawn. Common 
anadrornous fish include most types of salmon and trout. Warm water fish that are found 
Illinois rivers and streams are bass, channel catfish, suckers, and 
minnows, and walleye among others. Non-anadromous fish have been found using fish 
ladders, but not to a great extent. They do not have the instinct to swim upstream to 
spawn, so they do not tend to make the effort to use the fish ladders as much as the 
anadromous fish. 
When desiaging a fish ladder, the engineer must consider the size, strength, and 
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speed of the fish in the river. When designing a fish ladder for large fish, such as salmon, 
one needs to be sure that the resting pools are large enough to accommodate the fish. In 
fact, since salmon tend to make runs all around the same time, one needs to make sure 
that the fish ladder is able to hold thousands of fish at one time. The strength of the fish 
is important in designing a fish ladder; especially if it is to incorporate jumps, like in a 
pool and weir fishladder. The swimming speed of the fish is very important in designing 
the velocity of the water in both the chutes and the pools of the fish ladder. Bell (1986) 
defines three speeds for fish, a cruising speed, a sustainable speed, and a darting speed. 
The flow velocity in the fish ladder should remain below the slowest fish's darting speed. 
The velocity in the pools should be below the fish's cruising speed. 
For studies related to Illinois streams, there are generally 9 fish that are the target 
species. They are bluegill, bluntnose, carp, channel catfish, largemouth bass, smallmouth 
bass, drum, white bass, and white crappie. An Illinois State Water Survey publication 
(1981) gives the water velocities for areas inwhich these species are usually found. 
While these water velocities are not the same as the fishes3 cruising, sustained, or burst 
speed, they are a good indicator of the velocities that these fish prefer. The juvenile and 
adult fish of a specific species tend to have different water velocity preferences. Figure 
14 has graphs of the flow velocity preferences, as well as depth preferences of these 9 
species of fish in both the juvenile and adult stages. As shown by these graphs, fish like 
bluegill, bluntnose, and carp prefer very slow moving water. It would be very difficult to 
design a fish ladder with velocities that slow. On the other had, smallmouth bass, white 
bass, drum, and channel catfish prefer faster moving water, although still slow moving 
water compared to the preferences of other fish, like trout and salmon. It would be easier 
to design a fish ladder that these species would use. 
Another important consideration in designing a fish ladder is how to attract fish to 
its entrance. The placement of the entrance is probably the most important factor in 
getting the fish to use the ladder. Clay (1995) suggests releasing more flow over the 
spillway in the center than on the sides where the fish ladders are. If there is a fish ladder 
on only one side then the flow over the spillway should be less on the side where the fish 
ladder is. With these flow regimes, the fish encounter the hydraulic jump caused by the 
spillway and swim along it to find a way though. If they follow the hydraulicjump 
created by flows that taper off at the sides then they will end up further upstream as they 
swim along the edge of thejump. They will, in this way, be led to the entrance of the fish 
ladder. However, this setup is only possible with a gated spillway. If there are no gates 
on the spillway, then another means of attracting fish must be explored. Another way of 
attracting fish is by creating faster velocities coming out of the fish ladder than from over 
the spillway. Bell (1986) says that the entrance velocity coming out of the fish ladder 
should be 4-8 fps. Eight- fps would be the absolute maximum for strong fast fish, like 
adult salmon. Four- fps would be the minimum that fish would notice in comparison 
with the velocity of the water flowing over the spillway. This increased velocity is often 

achieved by introducing an auxiliary flow. This flow does not flow through the entire 
fish ladder, but instead is often added to the re,dar flow right before it leaves the 
entrance of the fish ladder. Since the auxiliary flow is only present at the beginning of 
the fish ladder, the fish do not have to fight this extra flow through the entire length of the 
ladder. Bell (1986) suggests that the auxiliary flow should be from .25 to 1 -0 f p s  over the 
diffusion area, that is, the area where the flow is introduced to the regular flow of the fish 
ladder. The entrance still must be placed so that it will be found easily by the fish. 
When designing a fish ladder, it is important to investigate the various designs of 
fish ladders. The three main designs are the vertical slot, the Denil, and the pool and weir 
fish ladders. The vertical slot fish ladder has the same flow pattern at all operating heads. 
It is often used when it is impossible to regulate the water depth in the head pool. It has a 
rather complex design of baffles that direct the flow in such a way as to dissipate energy 
and give sufficient resting areas for fish migrating upstream. The baffles can be 
constructed of concrete, steel, or even timber. Insome designs there have been double 
baffles, but this design is usually used when very large numbers of fish will be using the 
ladder at the same time. The baffles are set up in a way that the fish ladder is a series of 
individual cells with slots between them. Clay (1995) suggests that the minimum slot 
width for salmon weighing five pounds or more is 12 inches. For trout weighing less 
than two pounds the slot width can be as narrow as 6 inches. Another important design 
factor in vertical slot fish ladders is the size of the cells. For 12-inch slots, the minimum 
size for the cells would be 6 R x 8 ft. For 6-inch slots, the rninhnm cell size would be 3 
feet wide by 4 feet long. The head loss between the cells should be kept under I-foot for 
6-ft by 8-ft cells, and under .75 feet if the fish using the ladder are weaker swimmers. 
The maximum allowable head loss is determined by the water velocity produced by the 
loss. The velocity of the water must be less than the burst speed of the fish. A sill of up 
to 12-inches is added across the slot to improve flow conditions in the cell. It provides 
better energy dissipation, so the high velocity coming through one slot does not carry on 
through the next slot. Vertical slot fish ladders are often used on the West Coast for 
salmon, but are also used along the Great Lakes for migrating trout and salmon. Other 
kinds of fish besides trout and salmon have been seen using vertical slot fish ladders. 
These fish include the various kinds of warm water fish found in Illinois rivers and 
streams. 
Denil fish ladders are straight channels, with relatively high slopes, and 
rectangular cross-sections. There are deflectors in the channel on the sides and/or the 
bottom. Several modifications have been made to the deflectors originally proposed by 
Denil. The purpose of the deflectors is to induce helical flow, which will cause high- 
energy losses by momentum transfer. Larinier (1992) studied various geometries of 
Denil fish ladders and came up a basic geometry thatcould be scaled up for different 
needs. The geometry of the impediments are given using non-dimensional quantities, in 
which each dimension is given per characteristic length of either the channel width or 
- - - Ai ~ ~ ~ ~ d i i e n t  geometry or spacing of theheight. PyI=&5cgtitiomof i q e d im e ~ t  
impediments can the effectiveness (1992) &findof tl;e fish lzd,dder, Lu;4ier 
hydraulic range for Denil fish ladders. There is a n i n im l~~ lflow required to produce 
helical flows. Flows under this minimumcreate a sort of pool-weir configuration, in 
which the fish would have to jump from one pool to the next over the impediment. There 
is also a rnaximl~bzflow, above which the flow becomes torrential like and the 
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impediments no longer have any effect. The hydraulic range depends on the slope, 
dimensions and type of impediments used. Larinier (1992) also defined a biologic range 
for Denil fish ladders. The slope dimensions, shape of the impediments and flow rate 
through the fish ladder are all species specific. According to Larinier (1992), the only 
way to determine the values of these variables is by on site experimentation. 
Laxinier (1992) also states that it is possible to change the dimensions of the 
impediments as long as the size of the channel and the impediments follow a scaling 
factor. However, increasing the size of the impediments while keeping the same slope 
results in higher velocities and helical flows. If they become too large the fish may lose 
their bearings and hurt themselves on the impediments. Decreasing the size of the 
impediments also presents a problem. The hydraulic range of the impediments depends 
on the upstream hydraulic head, which is in turn proportional to the dimensions of the 
impediments. It is also desirable to keep the spacing between impediments as large as 
possible, however t h s  must be done so that the flow remains in the hydraulic range as 
defined earlier. 
There are no resting spots within the Denil fish ladder. Therefore, if the length of 
the channel becomes too long, it will be necessary to add resting pools periodically in the 
fish ladder. For smaller, weaker fish, the resting basins should be put every 1.2 to 1.5m 
fall, and the jumped lengths should not exceed 6-8 m. Fish can jump in a straight line 
only, so any changes in direction must be done in the resting pools. The pools should be 
of sufficient size as not to allow the upstream flow to crash violently against the sides of 
the pool. Larinier (1992) suggests a resting pool that is 3-m long. 
Flow in Denil fish ladders is generally fast and quite aerated. Larinier (1992) 
suggests this type of pass only be used to large fish such as salmon. He says that a Denil 
fish ladder with smaller impediments may be suitable for smaller fish like trout. 
Unfortunately, smaller impediments have a greater tendency to become clogged with 
debris. Small fish tend have lower endurance, andthe speed required for them to swim 
through these fish ladders is near their maximum speed, which can be sustained for only a 
few seconds. Because of these short spurts the jumped lengths need to be very short, 
probably only a few meters, for smaller fish to be able to use the fish ladder. When 
hydraulic head in the pass is low, and helical flow is not occuning, small fish can swim 
up the ladder as if it were a pool and weir ladder. 
There are three main types of Denil fish ladders. The first has impediments only 
on the bottom of the channel. This type can be quite large if the same unit design is 
repeated several times. This type allows for a large range of flows, but an increase in the 
upstream hydraulic head can cause a very large increase in the flow through the ladder. 
The second kind of Denil fish ladder has impediments on both the bottom and the sides. 
This type can tolerate larger changes in the hydraulic head. However, since the size of 
the impediments depends on the size of the fish, flow rates are limited to hundreds of Lls. 
The third main type of Denil fish ladder has impediments on the walls only. This kind 
can also tolerate greater changes in hydraulic head. It is also believed to be able to 
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getting clogged with branches. 
There are also various shapes for impehents .  Most commonly, the 
impediments are flat. This means that they are easy to construct. They are set at a 45-
degree angle to the channel. The channel can be 0.6 to 1.0 m wide, and the slope can 
range from 12% to 20%. The most common material for the impediments is sheet metal 
that ranges from 8 to 10-mm. The maximum thickness for impediments is L/20, where L 
is the width of the channel. Figure 15 shows the geometric configuration of a Denil fish 
ladder with this type of impediment. 
Dealing with big migrating salmon, Larinier recommends a maximum slope of 
20% and an internal width (L) of the pass in the range of 0.80m to im. In some cases, 
greater L were used (1.201~1 and 1.30m). However, he does not want to use such big 
impediments that require reducing the slope (in order to maintain acceptable speed, 
aeration, and turbulence). This would penalize the smallest fishes (increase in the size of 
helical flows, and in the jumped length). For trout, smaller impediments and jumped 
length are recommended. Larinier suggests using L values between 0.50m and 0.70m, 
with a maximal slope of 20% (Larinier, 1992). 
The lower working limit for a slowing down pass with flat impediments 
corresponds to the minimal upstream hydraulic head (h,), or the minimal head (h) above 
the impediments which allows the fish to swim, and helical flows to occur. One can use 
the limit hlL=0.5, which corresponds to a minimal hydraulic head above the front of the 
impediment available for the fish, equals to 0.33L (Larinier, 1992). 
The upper working limit of the pass depends on the swimming capacity of the 
fish, and is therefore much more difficult to define. One can reasonably use a value for 
h/L equals to 1.O to 1.1 (Larinier, 1992). 
The Fatou pass is directly inspired from the original model conceived by Denil. It 
is very efficient from a hydraulic point of view. However, it has two main disadvantages: 
it is difficult to construct because of the impediment's shape and the risk of clogging by 
branches and other material is high. Moreover, the hydraulic efficiency of the 
impediments leaves only a small amount of kinetic energy, which results in a very small 
jet stream at the beginning of the pass. Therefore, the attractivity of the pass is limited. 
Since the domain of application of this pass is similar to the one for the slowing down 
pass with flat impediments, Larinier generally prefers to use flat impediments. 
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The Denil ladder with a superactive bottom is made of impediments at the bottom 
only and which end in a plan parallel to the plan of the comdor. Impediments can 
therefore be placed along longitudinal strips, bordering in an unlimited number. In order 
to stabilize the flow, each strip of impediments needs to be separated by a longitudinal 
strip of the same height. This kind of impediments was used on a model, inspired from 
0 model, for the dam of Roermond in La Meuse in Belgium. It is mainly used in 
France. Impediments are made of sheet metal (thickness of 8mm to 1Ornrn) and the height 
varies from 0.08111 to 0.201~(Lxinier, 1992). 
It seems that some Denil fish ladders with superactive bottom can be adapted for 
canoe-kayaks. In some situations, it is possible to build one pass only for both fishes 
going in the upstream direction and canoe-kayaks crossing the pass in the downstream 
direction. Impediments used for fishes could be adapted for boats from experiments on 
laboratory scale model. However, it was also found that these types of combination fish 
ladderhoat chute passes are only appropriate when large migrating salmon are to be 
passed through the ladder (Larinier, 1992). 
The Alaska Steeppass is a modification of the Denil fish ladder that was 
developed for the salmon of the Pacific Ocean in the 1960sin Alaska fiom a prototype 
tested by McLeod and Nemenyl. This pass is small (width 0.56m, height 0.70m, internal 
free width 0.35m) and can be used with high slopes of 25% to 35%. Several variations 
were developed, differing by their height and the slope of the lateral impediments. 
This model is prefabricated as elements of 3 meters made of aluminum alloy 
(thickness 6mm) which weight about 240Kg, carried by helicopter and assembled in situ 
through bolting. This pass was designed to equip natural waterfalls in Alaska located in 
areas difficult to access. In such locations, constructing passes made of concrete was too 
costly. The main disadvantage of this pass comes from its limited flow rate and its low 
tolerance to changes in the upstream hydraulic head. One generally needs to add an 
additional flow rate next to the pass to increase its attractivity. Because of its small width, 
clogging by branches and other material is frequent. 
The last general type of fish ladder is the pool and weir type. It is the oldest of the 
fish ladder designs and is usually built at structures where the head pool level is nearly 
constant. If the head pool level in not constant then a regulating gate must be placed at 
the upper end of the fish ladder. Otherwise the flow may not be smcient for upstream 
fish passage. Another consideration, besides the need for constant head, is the shape of 
the weirs. Usually the weirs are rounded, angled on either the downstream or upstream 
corner, or broad-crested. Many publications warn against sharp crested weirs because 
fish may injure themselves on them. Particular shapes of the weirs have proved to be 
effective for particular species due to the type of flow they create in the pools. The weirs 
are often notched in order to decrease the water required for operation of the fish ladder 
and also increase the energy dissipation in the pools per unit volume. Some of the 
notched weirs have notches inthe center, while others have notches on the side. 
Sometimes the notches on the side have been staggered fiom one weir to the next, 

however this creates a difficult path for the fish to follow (Clay, 1995). 

At some fish ladders, orifices have been used in combination with weirs to pass 
water fiom one pool to the next. To some extent, orifices help to stabilize the flow that 
can often be very sensitive to changes in pool levels when just weirs are used. 
Additionally, fish have the choice of passing over the weir or through the orifice as they 
swim from one pool to the next. Having both choices is advantageous when a variety of 
species will be using the fish ladder. Some species do not swim over weirs as easily as 
trout and salmon. A baffle with an orifice that handles all of the flow can be opportune 
for situations where the water level in the head pool varies rapidly. Flow through an 
orifice changes in proportion to the square root of the head, while flow over a weir 
changes in proportion to the head to the 1.5power. What this really means is that flow 
through an orifice is affected by a change in head that flow over a weir is. If all the 
orifices in the fish ladder are the same size then a change in water level at the head pool 
will be distributed evenly throughout the pools causing the flow through each individual 
orifice to change only very slightly. The orifice on the upstream baMe must be set low 
enough to draw water at the lowest level in the head pool. The orifices are usually 
rectangular or square, although in Scotland the orifice is a short length of cylinder. This 
design, however, is typically used on larger dams. Tne larger the orifice generally the 
better so long as no significant turbulence is created in the following pool. For a pool and 
weir type fish ladder the minimum. pool size is 4-feet wide, 8-feet long, and 6-feet deep. 
However, if an orifice is to be put in the baffles, then the rnhimwm width is 6 feet. The 
head difference between the individual pools is usually 1foot (Clay, 1995). 
The last design consideration for fish ladder is the exit of the ladder. The entrance 
location is always decided first. The location of the exit is determined by economics, but 
also so that fish exiting the fish ladder are not swept over the spillway by the fast water 
velocities that tend to be present just upstream of the spillway. Thus, the exit of the fish 
ladder should be a fair distance away fiorn locations of high velocity (Clay, 1995). On 
the other hand the exit should be ina location where it does not collect large amounts of 
debris. If the exit does collect debris, then it should at least be in a location where the 
debris can be swept downstream away from the fish ladder. In other words, eddies 
usually are not thebest places for fish ladder exits. 
2.3 Laboratory Experiments and Model Studies , 
Rajaratnarn and Katopodis (1984) present the results fkom a laboratory 
experiment of "simple" and Alaska Steeppass type Denil fish ladders. As mentioned 
before, Figure 15 shows the "simple" Denil fish ladder. The standard design in this study 
has B = 0.56 m, b = 0.36 m, k = 0.13 rn,and the longitudinal spacing of the baffles, a = 
0.25 m. Theobject of the study was to develop a method of design for the passing of 
various freshwater species. The first series of experiments were done using a full-scale 
model, but this only allowed the ratio d/b = 1.2. Therefore, the second and third series of 
experiments used a model built at a 1:3 scale to allow d/b to reach around 5. The 
tailwater was controlled for the second and third series. Tne models were set up so they 
could be set to any slope. 
Early observations showed that within a short distance of entering the tank, the 
flow became parallel to the bottom of the flume. The reason for this was the high 
turbulence of the flow caused by the high resistance of the baffles. Also, the velocity 
profiles did not change as a function of distance fiom the inlet after a short distance from 
the inlet. Thus, the velocities in the rest of the experiments were measured in the region 
after this short distance. Figure 16 shows typical velocity profiles at the baffle and 
halfway between two baffles. One can see fiom the graphs that the velocity increases 
with the distance measured perpendicularly to the bed of the flume. For certain flows, 
there appears to be a low velocity layer. This layer becomes narrower as the flow rate 
increases. The presence of this low velocity layer explains why smaller fish and weak 
swimmers are able to use the fish ladder. The authors also found that the mean velocity 
through a Denil fish ladder is about .2 of the velocity of the corresponding channel 
without baffies. Thus, fish are able to swim upstream more easily against these much 
reduced velocities. It was also found that for all discharge and slope combinations the 
flow was subcritical. Additionally, at a given slope, as Q becomes larger, "tornado-like 
vortices" are formed in the side pockets between the baffles. The vortices occur at 
continually smaller flows if the slope is continually increased. These vortices can impede 
the fish's progress through the fish ladder. A discovery about tailwater effect was also 
made. An M-1 profile forms when the tailwater is deeper than the depth of water in the 
fish ladder. The backup of water causes the velocity to slow down, and the fish ladder is 
not as successful in attracting fish. Also, if baffles are continued up to the inlet, the 
formation of any supercriticalflow and hydraulicj will be avoided. The authors 
have also developed a rating curve for the standard "simple" Denil for a range of 
discharges and slopes. Finally, they also did some investigation into the effect of 
changing the width ratio B/b and the baffle spacing ah. They found that B/b can be as 
high as 2 and a/b can be as high as about 3. 
in their latest study, Rajaratnam et a1 (1997) start by giving the dimensions for the 
standard Denil fish ladder. The total width is B = .56 rn,the clear center width is b = .36 
m. The spacing between baffles is a = .25 m, which are set at 45 degrees in the direction 
opposite of the flow, with a perpendicular height to the tip of the V,k'= 0.13m. The 
depth of flow above the tip of-ihe V, d, in the fish ladder can be as much as 5b. The 
length of the fish ladder depends of the swimming capacity of the fish. If the length is 
too long for the type of fish, then the fish ladder can be broken up into several lengths 
with resting pools inbetween. The typical slope of a Denil is 20%. They also found that 
the shape of the velocity profiles changed with the increasing d/b. For d h  less that one, a 
low velocity layer was apparent, but once d/b was greater than 3 the low velocity layer 
completely disappeared. Velocity then increased consistently with distance fiom the 
bottom. The authors developed a relationship between dimensionless discharge Q*and 
the ratio dh,  in which: 
Q is discharge, So is the slope of the fish ladder, g is gravitational acceleration and b is as 
defined previously. Using data fiom experiment where d/bwas usually less than three, 
the relationship between Q*and d/b was: 
In some cases, it is necessary to design for d/b to be greater than 3. HopeNly, this would 
be necessary for rivers in Illinois since some of the weaker swimming fish in Illinois 
would need a low velocity layer in order to make it through the fish ladder. 
For designing Denil fish ladders for a variety of species, it is important to know 
how sensitive the flow depth, mean velocity, flow structure, and velocity distributions are 
to relative width b/B, relative spacing a/b, and bottom geometry of the baffles. If all of 
these relationships were known, then a Denil fish ladder could be designed for a 
particular species without having to do a model. study. 
Rajaratnam et al(1987) propose a solution for Denil fish ladder design for weaker 
swimming fish, where the d h  ratio would normally be greater than 3. They suggest 
creating a double ladder by adding a roof parallel to the bed at a distance y =3b, so that 
the lower ladder would have a depth-to-width ratio of three, where a low velocity layer 
still exists, if only in a very narrow band. If the discharge is lower than the flow capacity 
of the lower ladder then the fish ladder acts as a simple Denil. On the other hand, if the 
discharge is greater than the flow capacity of the lower ladder, then the lower ladder acts 
as a conduit and the upper ladder will act as a simple Denil, with a much smaller d/b 
ratio. Manning's n for the lower Denil acting as a conduit, neglecting the resistance of 
the smooth roof, was found to be the same value as it was for the open Denil, for d/b =3. 
Raj aratnam et al (1986) present the results of an experimental study on the 
hydraulics of vertical slot fishways. A vertical slot fishway is a rectangular channel with 
a sloped or stepped bottom that is divided into a series of pools. Water moves .from pool 
to pool through vertical slots, which are usually one-foot wide. If Ah is the difference in 
water surface elevation between two adjacent pools, the fishway is designed with a 
certain value of Ah depending on the types of fish using the fishway and their burst 
speeds. Ah is assumed to be the same across every slot. Most vertical slot fishways are 
patterned off of either the full or half Hell's Gate fishway. The half Hell's Gate pattern is 
shown in Design 1 of Figure 17. If the pattern of the vertical slot fishway is different 
fiom the Hell3 s Gate pattern, then it is usually necessary to do a hydraulic model study. 
From preliminary and field sgdies, the authors became aware that Ah is not usually the 
same for all slots. The effect of changing tailwater levels is not really known. Also, 
there is an incomplete understanding of the behavior of the jet in pools and the circulation 
in the pools. Therefore, the purpose of this study was to understand the hydraulics in 
typical vertical slot fishways and also to develop simpler designs of the baffles that would 
still mold the jet effectively. 
The authors studied seven different designs of vertical slot fishways. The seven 
designs are shown in Figure 17. The first design had pools that were 3.05 m long, 2.44 m 
wide, and the slot width was ,305 rn. The floor of the fishway had a slope of 1vertical to 
10 horizontal. A 1:5.33 scale model was placed in a flume .46m wide, .9 1 m deep, and 5 
m long with four pools. A pump located in the supply line was used to circulate water 
through the fishway. The flow rate was measured with a magnetic flow meter and the 
water depth was measured either with a precision point gage or a metal ruler fixed to the 
baffle near the centerline of the pools. Velocity profiles in the slot and in the jet in the 
pool were also obtained. A mini-current meter was also used to get an idea of the 
circulation velocities in the pools. Woolen thread and color injections were used to 
obtain circulation patterns in the pools. Designs 2 and 3 were also tested in this manner. 
Design 2 had a square sill placed across the bottom of the slot with a height of 0.15 rn. 
Simple baffles with slots alternating side to side were used in Design 3. Design 4 is the 
same as Design 3 except the slots are all on one side. For Design 5,a .305 m baffle was 
placed .305 rn from the slot. For Design 6, this baffle was reduced to .I52 m. In Design 
7, the slots were in the center. In all designs, the slot width was 0.305 m. 
Experiments on velocity profiles in the slots were done for designs 1-3. A 
variety of tailwater levels were used. For the first and third slots in these designs, the 
velocity profiles were uniform for most of the jet, with a slight decrease at the surface. 
As the tailwater increased above its level for uniform flow, there was a decrease in 
velocity in these slots. In slot 5, when the tailwater level was very low, the jet velocity in 
the slots increased to twice the velocity in the upstream slots. The maximum velocity in 
slot 5 was about 5 m/s (16.41 Ws). For slot 1, the velocities ranged fiom about 1.5 to 2.5 
d s  (4.92 to 8.20 fds). For slot 3, the range was 1 to 2.5 rn/s (3.28 to 8.20 Ws). The 
maximum velocity at any slot was smaller than d(2g&). All of these velocities are 
higher than the desired water velocity for most fish found in Illinois streams. That is not 
to say, however, that these water velocities exceed the swimming capabilities of the fish, 
but only that the fish may not be inclined to swim through the ladder because of the water 
velocities involved. Figure 18 shows the circulation patterns for all designs. Design 2 
does the best job of directing the jet away from thenext slot. As mentioned before, it is 
desirable to direct the jet away fiom the next slot so that the high velocity coming 
through the upstream slot does not cany on to increase the velocity of the downstream 
slot. 
te and Penrho (1980) wrote a presentation of the results fiom model studies 
done for three different fishways on the Connecticut River inMassachusetts and 
Vermont. The first model study was done on the fishway at the Turners Falls Dam. At 
this site, some of the flow of the Connecticut River is diverted to the Cabot Canal and 
then to the Cabot Powerhouse. After the powerhouse, the water flows back into the main 
channel. The fishway was designed at the powerhouse to intercept most of the upstream 
migrating fish, but not all of them. The fishway will enable fish to pass through the 2 to 
8-foot head difference between the Canal and the Turners Falls Pond. Since the head 
difference fluctuates to this extent, a vertical slot fishway was determined to be the best 
type of fish ladder. The original design of the fishway was to have 6 double-slotted weirs 
with one-foot sill blocks at the bottom of the slots. An adjustable weir was to be placed 
at the end of the fishway to accommodate up to a two-foot variation in canal water 
surface. A 1:9 undistorted Froude model was constructed that included a small area of 
the Turners Falls pond, the slotted weirs, floor diffuser, entrance gallery, and the 
adjustable weirs which discharged into a tank thatrepresented the Cabot Canal. Six 
slotted weirs with sill blocks proved to be insufficient to handle the total drop of 7-ft. A 
seventh slotted weir without a sill block was placed on a flat floor portion of the fishway. 
This layout proved to be quite successful. The requirements of the floor diffiser were 
that it had to provide acceptable velocities for attracting fish in the entrance gallery and 
that the flow from the diffuser should be as 7xmif~mas possible with areas of no flow or 
negative flow minimized. Additionally, the flow leaving the face of the diffuser was not 
to exceed 1 Ws. The optimal design was found to have nine rectangular openings with 
diagonal beams. The diagonal beams provided the best flow distribution and lowest 
velocities of any of the designs considered. 
The second model was built for the fishway at the spillway of the Tumers Falls 
Dam. The purpose of this fishway is to intercept any fish that missed the fishway at the 
Cabot power plant downstream. The basic fishway design was the same as at the power 
plant, but this time the entrance conditions needed special attention. A 1:16 undistorted 
Froude model was constructed in order to refine the entrance conditions. At this location 
it was particularly important that the fish be drawn towards the entrance and not into the 
plunge pool of the flow that descended from the bascule gates. Also, the number of 
eddies in the vicinity of the fishway entrance needed to be minimized so that fish would 
not spend their limited energy in the eddies rather than finding the fishway entrance. 
Initially, the fishway was designed to have two entrances, but one was found to be 
sufficient. Various problems with high velocities and accelerating flow were encountered 
in the model. Adjustments to the alignment of the fishway solved these problems. A 
wall was placed between the entrance portion and the rest of the fishway, which m s  
parallel to the entrance but in the opposite direction, to eliminate the eddy that formed 
between the entrance and the rest of the fishway. 
The third model was built for the fishway to be constructed at the Vernon Dam. 
The fishway has a total drop of 36 ft. and will be designed to operate over a 10-ft. range 
in upstream pool elevations. The upper portion of the fishway will be vertical slot in 
order to avoid mechanical control of the fishway flow. The lower section of the fishway 
will be a pool-weir-orifice type spillway that will operate under constant headwater 
conditions, a flow rate of 64 cfs, and a 14-ft. tailwater range. The model of the Vernon 
Damfishway was actually several 1:10 undistorted Froude models that were built to 
optimize several areas in the fishway, such as the entrance and exit conditions. The 
fishway at the Vernon Dam is a very complex and costly structure that would be beyond 
the needs for a fishways in Illinois rivers and streams. 
Pool and weir fishways are a series of pools separated by weirs, with water 
flowing from the headwater region to the tailwater region through the pools by passing 
over the weirs. Fish pass over the weirs either by swimming over them at their burst 
speed or in some cases by jumping over them. The head drop per pool is usually 0.2 to 
0.3 m. The bed slope ranges from 1 vertical to 10 horizontal to 1vertical to 8 horizontal. 
Flow in pool and weir fishways is often classified as plunbging or streaming. These two 
flow regimes are shown in Figure 19. Plunging flow is when the water level in the pool 
immediately below the weir is below the crest of the weir. In streaming flow, the surface 
stream flows over the crest of the weirs and skims across the top of the pools. There is 
not yet a full understanding of the flow in pool and weir fishways. This is because the 
weirs are closely spaced and act together hydraulically for most flows encountered in a 
fishway. Also, it has not been possible thus far to predict when the flow makes the 
transition from plunging flow to streaming flow. 
Rajaratnam et a1 (1988) performed experiments to understand better the 
hydraulics of pool andweir fishways. The experiments were performed in 0.31-m wide, 
0.57-m high and 4.9-m long flume. Nine pools, .38-m long each, were constructed with 
0.21-m high weirs separating them. Experiments were per5omed at slopes of 2%, 5%, 
10%, and 15%. Flows were used in the experiments that started in the plunging mode 
and were increased to the streaming mode gradually. These experiments were repeated 
for pool lengths of 0.18 m and 0.57 m. Experiments using 2% slope or 0.18 m pool 
length were not done to approximate conditions that would normally be found in 
fishways. They were done to extend the writers' understanding of flow beyond the limits 
of common practice in fishway design. The flow rate at which the flow changed from the 
plunging mode to the streaming mode was found to be lower for setups with low slope 
and short pool lengths. The transitional flow was higher for steeper slopes and longer 
pool len,&s. For smaller slopes and shorter pool lengths, the streaming flow was smooth 
and the surface jet had an almost constant thickness. For larger slopes and longer pools, 
the surface flow was wavy aii-dat times had undular jumps for part of the length. 
The authors of the study concluded thata simple weir analysis was sufficient for 
explaining the hydraulics in plunging flows, with the dimensionless discharge Q* = 0.61. 
For streaming flow, the dimensionless discharge Q*was approximately equal to 
1.5d(~/d)where L is the length of the pool and d is the depth of the surface stream. Also, 
it was found that for the flow where it made the transition from plunging to streaming 
was best described by the equation: 
where Qt s 0.25, Qt is the transitional discharge, Sois slope, b is width, and L is length. 
As mentioned in the section of design considerations, a popular variation of the 
original pool-weir fishway, is the pool-orifice-weir fishway. Figures 20a and b show two 
examples of fhis kind of fishway. Sometimes the water level in these fishways is not 
high enough to pass over the weir, so the fishway then becomes just a pool-orifice 
fishway. Rajaratnam et a1 (1989) presents a method of predicting the total flow rate when 
the water flows both over the weir and through the orifice. Also, the authors have 
developed a method of analyzingthe flow through a pool-orifice fishway by dividing it 
into vertical slot and submerged orifice flow regimes. 
If the water depth in the pool is less than the height of the orifice in a pool-orifice 
fishway, then the fishway operates as a vertical slot fishway. On the other hand, if the 
water depth in the pool is significantly larger than the height of the orifice, then the 
fishway operates in a submerged orifice mode with the flow from the orifice behaving 
like a submerged jet. There is a transitional state between these two states in which the 
upstream side of the orifice is submerged, but the downstream side is not. The authors 
present in this paper a solution for predicting at what flow conditions these states will 
occur. They constructed a 1:8 model in a 0.31m wide, 0.57 rn high, and 4.9 m long. All 
the following measurements are the actual measurements in the model, not the prototype. 
The flow rates will also be for the model. Nine pools of 0.38 m each were constructed 
with 0.2 1-m high weirs between. The aluminum weirs were 6 mm thick. A square 
orifice with sides of 57 mm was cut into each weir in the same bottom comer in every 
weir. Additionally, a deflector baMe 28.5-mm wide was placed 57 mm downstream of 
each orifice to direct the jet of water away from the next orifice downstream. This idea 
came from the authors9 earlier study on vertical slot fishway designs that was previously 
discussed. Experiments were performed using three slopes of 0.05,O. 10,and 0.15, and 
the flow rate ranged from 0.5 L/s to 2.0 L/s. The results of these experiments were 
plotted with Q*,the dimensionless discharge, against y&,, which is the ratio of the water 
depth to the width of the orifice. It was found that for yJbo < 1,the flow behaved like the 
flow in a vertical slot fishway. The equation that describes the dimensionless discharge 
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behaved according to the submerged jet regime. In this regime, Q*is constant at about 
2.2. Thus, the transitional flow regime, where the orifice is submerged on the upstream 
side but not on the downstream side occurs when the water depth is between 1and 2 
times the width of the orifice. Figure 21a shows the layout of the pool-orifice fishway 
Figure 2Ib shows the plot of Q* vs. y a , .  
For pool-orifice-weir fishways, the flow is divided into weir flow and orifice 
:* 
flow, where the orifice flow behaves according only to the submerged flow regime. The 
authors observed during experiments that the weir flow could still be classified as either 
plun,hg or streaming. Also, the interference between the weir flow and the orifice flow 
was minimal. Therefore, the authors proposed that the weir and orifice flows can be 
considered independently of each other and they can be added together to obtain the total 
flow rate. Experiments were run on this hypothesis in the same experimental setup as the 
pool-orifice experiments, using the same slopes. This time the flow rate was varied from 
1L/s to 16 L/s. The total flow rate, Q, was computed for every experiment using either 
the equation developed for plunging flow or the equation for streaming flow and adding 
the computer orifice flow. Figure 21c shows the computed flowrates vs. the measured 
flow rates. In general, the measured flow rates are larger than the computed flow rates in 
the plunging mode, and in the streaming mode the computed flow rates are larger. The 
largest difference between the computed flow rate and the measured flow rate was about 
25%. 
The results of this study on the pool-orifice fishway give a graph showing what 
kind of flow will develop according to the depth of the water in relation to the width of 
the orifice. 'Thisgraph can help one determine what flow veiocifies wiii be encountered 
i;l fishways of this type. One can then mod@ the orifice shape and size to accommodate 
better the type of fish in the stream where the fishway is to be built. For the pool-orifice- 
weir fishway, this study has given equations that are a close approximation to how the 
flow will be divided and handled by a pool-orifice-weir fishway. Now, one can 
determine what flow velocities will be encountered by fish trylng to pass over the weir 
and by fish that are trying to pass through the orifice. 
Odeh et al(1995) did a model study of a notch for fish passage in the Little Falls 
Dam on the Potornac River. Sets of labyrinth weirs were placed within the notch and 
downstream of the notch on the spillway of the dam. Figure 22 shows the plan and cross- 
sectional view of this notch fishway. The labyrinth weirs increase the effective length of 
the spillway, which in turn lowers the flow velocities on the face of the dam. These 
lowered velocities help fish that are trying to swim up the dam. This method of fish 
passage is more economical than conventional fishways. Also, there are some areas in 
the notch where the flow velocity is quite low, which would allow slower swimming fish 
to pass the dam. It is important to note that the Little Falls Damhas been drown proofed 
and that some of the labyrinth weirs were placed on the grout filled bags that drown proof 
the d m .  So farno studies of the fish population using the notch have been published. 
The notch was designed for shad, river hemng, and white perch. It is not known if 
species in the Potomac river similar to species in Illinois rivers use the notch. 
2.4 FieId Data Collection Studies 
Although their study is quite old, Hanison and Speaker (1950) took useful data 
for someone who is considering building a fish ladder on a river in Illinois that does not 
connect to Lake Michigan. The Des Moines River, zs well as most or all rivers in Iowa, 
is an inland river that provides habitat to warm water fish species. Nevertheless, in 1950, 
a law was passed in the state of Iowa that no dam could be built or maintained that did 
not have a means for fish passage. Therefore, several modified DeniI fish ladders were 
constructed on various rivers in Iowa, including the Des Moines River. After the 
construction of these structures, the authors of this study sought to determine the level of 
use of these fish ladders. They placed fish traps at the fish exit of the fish ladder at four 
sites. The traps were big enough that they usually only needed to be emptied once a 
week. 
The results of the study showed that a total of 24 species used the traps during the 
1948-49operations. Carp, quillback, channel catfish, and redhorse made up 95% of the 
catch in both numbers and weight. Nine other species were counted in somewhat 
significant numbers, while 8 more species were too few in number to be important. 
Several species of minnows were small enough to escape through the openings in the 
traps. Thus, they were unable to be accounted for in the counting procedure. Fish 
collections were made around the lower end of the fish ladders to see if the composition 
of the river matched the composition of the users of the fish ladders. There was a 
favorable comparison between these groups. This information indicates that the fish 
ladder is non-selective. 
Ninety percent of the total yearsy catch occurred between May 1and July 15. 
Smallmouth bass, the common sucker, and the Noahern Pike used the fish ladder 
primarily inApril and early May. The authors of the study believed that it might have 
been a reproductive urge that caused these species of fish to make upstream runs. 
Channel catfish, quillback, carp, and redhorse used the fish ladder in June and early July. 
During the years of the study, 1 948- 1949, 19,179 fish weighing 27,970 pounds 
were caught in the fish traps. These numbers are significantly higher than the numbers 
&om a similar study done in 1946-1 947. There are two reasons for this. First, there was 
one more fish ladder in the 1948-1949 study. Second, the entrance condition at the Fort 
Dodge fish ladder naturally improved over time. It scoured out a hole at the end and 
created a sandbar just downstream. This setup attracted the fish to the fish ladder and 
increased its usage. 
The authors were able to make several important conclusions about fish passage 
in the Des Moines River as a result of their study. The first was that the modified Denil 
Fishway does function if properly installed. Secondly, the fishway entrance must have a 
strong attraction if it is to be successme Finally, the f i shayis non-selective inregards 
to species. The relative numbers and sizes of fish found using the fish ladder 
corresponded to the fish in the stream. It should be noted that a telephone call to the 
ent of Natural Resources resulted in the knowledge that there are no longer 
functioning fish ladders in the state of Iowa. The given reason for their non-functioning 
is thzt the warn water fish not use them. 
More recently, Ryckman (1 986) did a study to determine the population of fish 
using fish ladders on the Grand River. There are six fish ladders on the Grand River. 
Tnefirst one, a pool andweir type ladder, is inGrand Rapids (42 miles from Lake 
Michigan). Two of the other 5 ladders are also pool and weir type, while the other three 
arevertical slot type. Tne ladders were built to enable various kinds of trout and salmon 
in Lake Michigan to travel upstream to spawn. The study was conducted from 1982 to 
1985 to estimate the number of various fish species that use the ladders during spring &d 
fall migration seasons, among other reasons. Thus fish surveys were only performed in 
the spring and fall. No records were taken for summer use of the fish ladders. 
There seemed to be no difference in the composition of fish using individual 
ladders or types of ladders (pool and weir vs. vertical slot). The following percentage 
values are weighted for the three fall seasons. Coho and Chinook salmon made up 63.6% 
of the total fish using ladders in the fall. Steelhead, brown trout, and lake trout accounted 
for 2.7%,0.9%, and 0.1% respectively. Catostomids, primarily redhorses, accounted for 
10.1% of the total. Bluegill, carp, channel catfish, pumpkinseed, smallmouth bass, and 
walleye comprised 1 to 5% of the users. Many other species were found in the ladders as 
well. Spring sampling was done for two seasons, and the following percentages are 
weighted for the two seasons. Suckers were the most frequent users, with redhorse 
comprising 45.2% and white suckers comprising 21-9%. Steelhead comprised 26.3% and 
all other salmonids combined comprised 0.6%. All other species were of minor 
importance. According to the study, all species of fish seemed to migrate through the 
fish ladders without difficulty. The study does not provide specific numbers of fish using 
the fish ladders, just percent composition. 
2.5 Field Site 
A field trip was taken to South Bend, Indiana to investigate two fish ladders on 
the St. Joseph River. One was in downtown South Bend and the other was in 
neighboring Mishawaka. Both fish ladders were vertical slot type built for the upstream 
migration of Steelhead. The only major difference in the fish ladders was the exit 
position. The fish exit at Mishawaka is off to the side in an eddy so debris gathers there 
and it is difficult to get it to wash downstream. The exit condition at South Bend is more 
favorable in that it does not collect a large amount of debris. Both facilities consisted of 
around 12 or 13pools that were about 12 ft long and 10 ft wide with 12-inch slots with 
12-inch high sill blocks between each pool. They also had underwater viewing rooms, 
fish traps and attraction flow-chmbers, which were all necessary for the Bodine Fish 
Hatchery nearby. Each fish ladder cost around $1 million to build. Steelhead use the fish 
ladder only in the spring and fall when the temperature of the river water is still cool. At 
the time of our visit, which was in July, only wann water species, like smallmouth bass 
were using the fish ladder. There were very few fish using the ladders. According to the 
Indiana Department of Natural Resources, lots of different kinds of species use the 
ladder, although not in great numbers like the Steelhead during their migration. It seems 
that a vertical slot fishway could be built on an inland Ulinois river for a lot less than $1 
million. Since fish in Illinois streams do not necessarily migrate upstream in large 
numbers, the pools inthe fish ladder would not need to be as large. Also, facilities to trap 
and catch fish for fish hatcheries would not be necessary. Fish counting facilities could 
also cut in order to bring down the cost of a vertical slot fish ladder. However, it would 
probably still be necessary to have facilities to create auxiliary attraction flow and gates 
that could be raised and lowered to adjust the flow in the fish ladder. 
2.6 Design Recommendations 
Since it appears that the types of fish ladders reviewed seem to be non-species 
selective, then the best fish ladder for Illinois rivers would be the most economical one. 
There are several reasons for this. Fishing in Illinois rivers is not the lucrative industry 
that it is in coastal states or states with rivers that feed into the Great Lakes. Secondly, it 
is questionable whether or not fish commonly found in Illinois rivers and streams migrate 
to spawn. If they do, then they do not do so in large numbers like salmon tend to do. 
Therefore, a fish ladder on an Illinois river need not be very large to accommodate many 
fish at one time. Also, fish in Illinois rivers do not tend to be as large as salmon, so they 
do not need as large of a fish ladder. 
If a fish ladder were to be constructed for an Illinois river it would be necessary to 
do model studies to develop the best design. Thus far, most fish ladders have been 
designed for coastal rivers with seasonal populations of anadromous fish. These fish are 
strong and fast, while fish in Illinois rivers are smaller, weaker and slower. Therefore, it 
is necessary that a fish ladder be designed with slower velocities that Illinois fish can 
handle. To fully optimize fhis design, it would be necessary to do model studies. 
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.a) Hsu9s5 Regions
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b) Region 2 Jump 
Region 2: 
Where fi is the incomingFroude number, yl is the incoming water depth, y3is the outgoing water 
depth, anel h is the height o f t h e  drop. 
Region 4: 
Where the variables are the same as in the equation for Region 2. 

Figure 1-Flow Behavior at anAbrupt Drop 

Where: 
F1= the incoming Froude number 
Y1= the incoming water depth 
Y2= the outgoing water depth . 
AZo = the height of the drop 
Vl = the incoming flow velocity 
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Figure 3 -Flow Patterns in the Wave Form of the Hydraulic Jump 
Figure 4 -Whitewater Classification versus Slope and Flow 
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Figure 5 -Cutaway Perspective of Adjustable Weir with Solid Apron 
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Figure 6 -Cutaway Perspective of Adjustable Weir with Slotted Apron 
Figure 7 -Boatchute on the Arkansas Rive 
Figure 8 -White Water Bypass on the Arkansas River at Canon City, CO 
Figure 9 -Boatchute on the South Platte River at the Arapahoe Power Station, Denver, CO 
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Figure 10 -Boatchuteon the SouthPlatte River at Highway C-470, Denver, CO 
Figure 11-White Water Bypass on the South Platte River at ConfluencePark, Denver, CO 
Figure 12-Boatchute on Boulder Creek in Boulder, CO 
Figure 13 -Canoe Chute on the Fox River in Aurora, IL 
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F i p e  14 -Depth and velocity preferences of common fish species found in Illinois rivers 
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Figure 14 (continued) 
Figure 15-Details of a Simple Denil Fishway -Standard Design 
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Figure 16-Typical Velocity Profiles for a StmhdDenil Fishway 
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Figure 17-Vertical Slot Fishways Figure 18 -CircuZationPatten~s 
Plunging F l aw  
Figure 19-Plmging mdStreamingFlows inPool and Weir Fishways 
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Section A-A 
Figure 20- Two examples of pool-weir-orifacefishway baffles 
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Figure 21 -Pool-orifice model and flow equations for pool-orifice andpool-weir fishways 
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Figure 22 -Notched Fishway with Labyrinth Weir 

